ABSTRACT Recently, emerging sub-/super-synchronous oscillation (SSO) issues occurred in large-scale wind power systems, which are caused by the interactions between the power electronic converter basedwind turbine generators (WTGs) and the ac/dc grids. In previous studies, the practical system is usually simplified to equivalent system models, which consist of a (several) large-capacity WTGs connected to a radial equivalent line. However, such equivalent models can hardly represent the dynamics of the practical large-scale wind systems. Besides, the impacts on SSO characteristics from such important factors as network topology, steam turbine generators, and high-voltage direct currents have not been clarified yet. To deal with these challenges, this paper proposes a systematic impedance network modeling and quantitative stability analysis method. All system components of the large-scale wind systems are represented with impedance models (IMs) in a unified reference frame, and then, they are interconnected based on the system topology to form the impedance network model (INM) of the whole system. With the INM reduced to an aggregated IM, a stability criterion is developed to assess SSO stability just by analyzing the frequency characteristics of the determinant of the aggregated IM, and a quantitative analysis method is proposed to quantify the damping, frequency, and sensitivity of the SSO mode. The electromagnetic transient simulations on a practical wind system, which suffered actual SSO issues, have validated the effectiveness and accuracy of the proposed method. This paper also conducts comparative analysis on four types of popular stability analysis methods to show the advantages of the proposed method. INDEX TERMS Impedance model, impedance network model, power electronic converters, stability analysis, sub-/super-synchronous oscillation, wind power systems.
I. INTRODUCTION
During the past ten years, many large-scale wind farms have been built around the world [1] . They are generally connected to the weak terminals of the existing grids. In order to increase the transmission capacity of wind power, series compensations [2] for AC lines and/or highvoltage direct current (HVDC) systems [3] are put into operation. However, the interaction between power electronic converter based wind turbine generators (WTGs) and AC/DC grids has led to a new type of subsynchronous resonance/oscillation (SSR/SSO) issue [4] - [8] , which is also named subsynchronous control interaction (SSCI) [9] or subsynchronous interaction (SSI) [10] . Such SSO events have been reported in many wind power systems, such as the wind farms located in Texas [11] and Oklahoma [12] , USA, Hebei [6] - [8] and Xinjiang [13] , [14] , China, causing a large number of WTGs tripped. In recent years, the emerging SSO issue is becoming a major threat to system safety and a great bottleneck to the accommodation of wind power.
A practical large-scale wind power system usually has the following features: i) There are many geographically distributed wind farms with various types of WTGs, of which the controller configurations/parameters are different [6] , [8] . ii) Except for WTGs, there are some traditional electrical components [13] , [14] , for instance, steam turbine generators (STGs) and HVDC systems, etc. iii) Due to the trade secrets of the manufacturers, the configurations/parameters of some electrical components may be unknown, or ''black/gray boxes'' [14] . iv) The system usually has complex topology with meshed networks. To facilitate the analysis, the existing studies usually ignore all or part of the above features and just use the simplified models. Then, conventional timeand frequency-domain stability analysis methods are used to investigate the characteristics of the SSO issues.
The available time-domain methods include the state-space model based eigenvalue analysis [4] , [6] , [10] , [15] - [17] and electromagnetic transient (EMT) model based simulations [9] - [17] . In these methods, the geographically distributed wind farms are generally modeled as one large-capacity WTG [4] , [15] - [17] , two large-capacity WTGs [18] , or several identical small-capacity WTGs connected to the same collection bus [7] , [13] . And the practical power networks are simplified into an ideal voltage source behind a transmission line with/without series compensation [4] , [7] , [13] . As a result, the obtained system models are considered as equivalent single-machine-infinite-system models. The state-space models can be developed, and eigenvalue analysis is conducted to examine the emerging subsynchronous dynamics. Then, EMT simulations are performed to validate these theoretical results. However, it is noted that these equivalent models can hardly represent the dynamic responses of the practical large-scale wind systems. Besides, the impacts from such traditional components as STGs and HVDC systems have not been clarified yet.
Recently, the frequency-domain methods [19] , [20] opened new wide perspectives for investigating the WTG-related SSO problems. Among them, the most popular ones are frequency-scanning method [9] , [21] , [22] and impedance model (IM) based Nyquist criterion [23] - [28] . The frequency scanning method is a preliminary assessment technique. It has the advantages of low cost and fast calculation speed [21] , [22] . However, this method can only predict the possible SSO conditions, and cannot provide accurate and quantitative results, such as frequency and damping. Thus, further detailed eigen-analysis or EMT simulations should be carried out for its verification and quantitative analysis.
With the IM based Nyquist criterion [23] - [28] , the equivalent system models should be divided into the source subsystem and the load subsystem in advance. The IMs of the two subsystems should be developed, and the Nyquist criterion is used to assess system stability by judging if the frequency curve of their IM ratio encircles (−1, j0). In previous studies, the IMs of WTGs are derived based on stationary abc frame [23] - [25] and synchronous rotating dq frame [26] . These models only consider the inner control loops and phaselocked loops (PLL) of WTGs' controllers. The dynamics of their outer control loops, which have significant effects on the SSO characteristics, are usually ignored. To use the Nyquist criterion, the target system needs to be partitioned into two subsystems beforehand. Thus, it is hard for this method to evaluate the stability of meshed systems with diverse wind farms. Besides, this method can only provide qualitative stability results (stable or unstable) rather than quantitative ones.
To deal with the above challenges, this paper presents a systematic method to investigate the SSO dynamics of practical wind power systems. The contributions lie in that: i) A general modeling technique is proposed to establish the impedance network model (INM) of large-scale wind power systems with various system components and meshed network topology. With the technique, the ''black/gray box'' issues can be handled and the impacts of diversified components as well as varying system conditions on the SSO dynamics can be examined.
ii) An INM based quantitative stability analysis method is developed for SSO evaluation. It can quantify the damping, frequency and sensitivity of the concerned SSO mode accurately just by computing the frequency response of the determinant of the aggregated IM, without the need to calculate system poles, which is usually sophisticated work for a highorder system.
iii) The effectiveness and accuracy of the proposed modeling and analysis method are verified by EMT simulations on a practical large-scale wind power system. Comparative studies have also demonstrated its advantages over the existing methods including eigen-analysis and Nyquist criterion.
The rest of the paper is organized as follows. The target system and its SSO issues are introduced in Section II. Section III presents the proposed method of impedance network modeling and quantitative stability analysis. In Section IV, EMT simulations are conducted to validate the effectiveness and accuracy of the proposed method. Its advantages over the existing ones are discussed in Section V. Brief conclusions are drawn in Section VI.
II. THE TARGET SYSTEM AND ITS SSO ISSUES A. DESCRIPTION OF THE TARGET SYSTEM
The target system is adapted from a practical large-scale wind power system located in Hami, Xinjiang Uygur Autonomous Region, China. Its one-line diagram is shown in Figure 1 , which covers the main network of the Hami power system. A large number of wind farms are deployed in the north area. Table 1 . A ±800 kV ultra HVDC (UHVDC) link has been established to connect substation H with the Central China Power Grid, sending part of the wind and thermal power to the latter. 
B. THE EMERGING SSO ISSUES
With the increasing penetration of wind power in Hami system, SSO events happened frequently since June, 2014. In these events, sustained power oscillations at subsynchronous frequencies were detected at the PMSG-based wind farms. The frequency varied from 20 Hz to 40 Hz as the system conditions change. In some cases, the SSO spread from the wind farms to the local 220 kV network, or even to the remote 750 kV grid.
In July 1 st , 2015, the WTG-induced SSO triggered intense torsional vibrations on the shafts of units #1 ∼ #3 in plant M (at that time unit #4 is in maintenance) and caused unplanned tripping of all the three units, resulting in a blackout in this plant and an abrupt drop of system frequency. The sustained power oscillation lasted for 3 hours and 20 minutes, from 9:46 to 13:05. During 9:45 to 9:55, the active power of a wind farm was recorded and shown in Figure 2 . Obviously, the active power output of the farm was very low, only about 4 MW. The output power diverged quickly at 9:46:40, and then maintained sustained oscillations. The amplitude and frequency of the sustained power oscillations varied with time according to the constantly changing system conditions. Fast-Fourier-transformation (FFT) based spectrum results indicate that the frequency of SSO changes gradually within the range of 27 Hz to 33 Hz. During 11:52 to 11:55, the frequency matched well with that of the torsional mode 3 of the generators in Plant M, causing intense torsional vibration on these units. Thus, torsional stress relays (TSRs) acted to trip them to guarantee the safety of the equipment. As for the units in Plant N, the frequencies of the torsional modes are far away from the frequency of SSO. Therefore, their shaft systems were safe. More details about the Hami system and the SSO event can be found in our previous work [13] .
III. THE IMPEDANCE NETWORK MODELING AND QUANTITATIVE STABILITY ANALYSIS METHOD
The proposed method of impedance network modeling and quantitative stability analysis is shown in Figure 3 . It is implemented with a systematic procedure, of which the steps are elaborated in the following subsections.
A. IMPEDANCE MODELING OF SYSTEM COMPONENTS
As shown in Figure 3(a) , there are various types of system components in Hami system, including WTGs, STGs, HVDC and AC networks with different voltage ratings. These components are modeled as input-output impedances in the frequency domain expressed in the rotating (dq) frame or stationary (abc) frame (or sequence domain).
If the configuration/parameters of an electrical component are completely known, its IM can be derived mathematically; if the configuration/parameters of a component are unknown, its IM can be derived through black/grey-box identification. As shown in Figure 4 , a perturbative voltage source (v ha , v hb and v hc ) should be injected between the grid and the concerned black/gray-box component. The frequency of the voltage source should be adjusted gradually, and the terminal voltage (v ma , v mb and v mc ) and current (i a , i b and i c ) are measured and recorded. Then, the impedance of the component at different frequency points can be obtained by dividing the measured voltage by the current of the same frequency. With these impedance-frequency curves at hand, the curve-fitting techniques such as vector fitting are used to get the s-domain representation of IM [14] , [28] .
To investigate the subsynchronous dynamics, the IM of WTGs should take the dynamics of inner control, outer control and PLL into full account; and the IM of STGs should incorporate the dynamics of mechanical shaft systems. As shown in Figure 3(b) , the IM of any system component in the rotating (dq) frame can be expressed by In the sequence domain, the IM of a system component can be written as Equations (1) and (2) represent the small-signal IMs of the same component just in two different reference frames, which can be inter-converted with the following coordinate transformation [27] 
where C is the coordinate transformation matrix with the dimension of 2 × 2.
B. IMPEDANCE NETWORK MODEL IN A UNIFIED COORDINATE
Since the IM of a component can be expressed in different coordinates, for instance, the rotating frame or the stationary frame, a unified one should be chosen in advance. Based on the unified coordinate, an impedance network model can be developed. Firstly, under the concerned system condition (i.e., the condition just before the ''July 1 st '' event), power flow calculation is conducted to obtain the initial operating points, around which, then the IM of each component is derived in the pre-set unified coordinate. All component IMs are interconnected finally according to the network topology to form the impedance network model (INM) of the whole system, as shown in Figure 3 (c).
C. AGGREGATED IM AND ITS DETERMINANT
In order to investigate the SSO stability of the target system, the INM should be aggregated along a certain oscillation path. By analyzing the field measured data during a reallife SSO event, the oscillation path of the oscillatory mode concerned can be easily identified. For the Hami system, the identified oscillation path is marked with arrowhead as shown in Figure 3(c) , from the PMSG-based wind farms to the Plant M. Then, along the oscillation path of this mode, circuit manipulations (for instance, series and parallel connection, Y-transformation, and conversion of impedance matrix, and so on) are applied to reduce the INM into an aggregated IM (Z ). As expressed in (1) and (2), the IMs of the components are all 2 × 2 impedance matrices. Thus, their series and parallel manipulation can be achieved by
where Z dq−ser (s) and Z dq−par (s) indicate the series and parallel IM, respectively; Z dq−i (s) is the IM of the ith component, i = 1, 2, . . . N ; ''||'' indicates parallel manipulation; inv() denotes the inverse matrix calculation. Thus, the aggregated IM Z can be written as
The system stability depends on the system poles or eigenvalues, namely the zeros of the determinant of the aggregated IM Z [13] , [14] , [28] . To examine the system stability, the determinant of Z should be computed
It has been proved that the determinant of Z in the unified rotating frame is always equal to the determinant of Z in the unified stationary frame [28] . That is to say, the selection of the unified coordinate does not affect the stability assessment of the target system.
D. FREQUENCY CHARACTERISTICS AND STABILITY CRITERION
For the target Hami system, there are a huge number of WTGs, five STGs, a UHVDC and many AC lines. Therefore, the order of the determinant D Z (s) is very high. As a consequence, it is very hard to get its zeros by directly computing D Z (s) = 0. However, the frequency characteristics of D Z (s) can be easily obtained in practical engineering. To evaluate the stability of a poorly damped SSO mode, our previous work in [14] has developed a stability criterion based on the frequency characteristics of D Z (s): If ∃ω r > 0, ω r = ω 0 making the equivalent reactance X D (ω r ) = Imag{D Z (jω r )} = 0, the target system will have an oscillatory mode with its frequency approximated by ω r , where ω r = 2π f r is the zero-crossing frequency of X D . Further, if
= 0, where R D (ω r ) = Real{D Z (jω r )}, the identified oscillatory mode is unstable.
As shown in Figure 3 (e), the Hami system has a zerocrossing point with its frequency being ω r = 30.69 Hz in its reactance curve. That is to say, the system has an SSO mode near ω r . At this frequency, there is dX D (ω r ) dω > 0 and R D (ω r ) < 0. Thus, according to the above criterion, the SSO mode is unstable.
E. QUANTIFYING THE CHARACTERISTICS OF SSO
To quantify the characteristics of SSO, an aggregated RLC circuit model based method is developed in [7] and [8] . Around the unstable SSO mode, the aggregated IM is approximated by a second-order RLC circuit, with which the frequency ω SSO , damping σ SSO and sensitivities ϕ SSO of SSO can be obtained quantitatively, with the following formulas:
where R/L/C are the equivalent resistance/inductance/ capacitance of the aggregated RLC circuit, respectively; k indicates a certain system parameter. As shown in Figure 3 (f), the obtained aggregated RLC circuit parameters for the Hami system under ''July 1 st '' conditions are R = −0.0942 pu, L = 4.126 pu and C = 0.8862 pu, respectively. Therefore, the frequency and damping of this SSO mode are calculated with (8)- (9). The results are σ SSO = −3.59 s −1 and ω SSO = 2π × 30.69 rad/s, which are highly consistent with field measurements in Section II [13] . If SSO approaches a certain torsional mode of the STGs, dangerous resonance would be excited, which is the underlying cause of the severe event in July 1 st , 2015.
IV. VALIDATION WITH EMT SIMULATIONS
The nonlinear model for the Hami system shown in Figure 1 is established in the software of PSCAD/EMTDC. Then, EMT simulations are carried out under the ''July 1 st '' condition (see Table 2 ) to examine the above theoretical results. Initially, it is assumed that only 60% WTGs are in service. At 2 s, another 10% WTGs are put into operation to trigger the unstable SSO. The simulation lasts for 15 s. The sustained power oscillation further spreads to the thermal power plant M and N. The torsional modal speeds of STG #1 in plant M and STG #1 in plant N are depicted in Figure 7 . Since the oscillation frequency matches well with the mode 3 of the STGs in plant M (see Table 1 ), intense torsional vibration is induced in the shafts of these STGs. As shown in Figure 7 , the speed of torsional mode 3 in plant M exceeds 0.35 rad/s, indicating a severe shaft vibration. However, the speeds of mode 1 and mode 2 are much smaller, only 0.005 rad/s and 0.001 rad/s. For the STGs in plant N, the power oscillation frequency is far away from their torsional modes. Thus their torsional speeds are of negligible oscillations, meaning their shafts are safe.
The simulation results are well consistent with those of the above field measurements and theoretical analyses, which, thus, validates the effectiveness and accuracy of the proposed method. 
V. ADVANTAGES OVER THE EXISTING METHODS
In this section, the proposed method is compared with such existing methods as eigenvalue analysis, EMT simulation and IM-based Nyquist criterion.
For the eigenvalue analysis, there are very few published papers using it to analyze the SSO stability of very large-scale practical systems that contains numerous converters-based WTGs and conventional components such as synchronous machines and LCC-HVDCs. Actually, it is very difficult for this method to handle very high-order power electronic systems. Taking the Hami system as an example, it has more than 1,000 WTGs, 5 STGs, a UHVDC and the meshed transmission networks. The order of each WTG is about 20 and the total order of the entire system is more than 20,000. There are great difficulties in the formation of the small-signal model for such a complex system and the accurate identification of the concerned oscillatory mode from the numerous system modes.
Nonlinear EMT simulations are widely used to investigate system dynamics, however, usually for the verification purpose. It is very hard for this method to identify the source of potential oscillations and to reveal the mechanism of stability problems. Besides, the EMT simulation of a large-scale system only demonstrates the unstable oscillatory mode. Moreover, it consumes a lot of computation time.
To use the Nyquist criterion, the target system should be partitioned into two subsystems beforehand. Thus, it is hard for this method to evaluate the stability of a meshed system with diversities of wind farms. Also, the Nyquist criterion can only provide qualitative stability results (stable or unstable) rather than quantitative ones.
With the proposed method, all system components are modeled as IMs in the frequency domain, which is obtained through mathematical derivation or ''black/gray-box'' identification. Thus, those components with unknown internal information can be handled effectively. Then, with all IMs interconnected to form the INM of the whole system, the modeling difficulties of a very large-scale system can be overcome. As the INM is reduced into an aggregated impedance, the proposed analysis method can quantify the stability of SSO accurately by calculating the damping and frequency with the frequency responses of the aggregated IM. Another distinct advantage of the proposed method is its capability of examining the impacts on SSO characteristics from all system components, such as WTGs, STGs and HVDC. Further, the effects from the network topology, diversities of wind farms and distribution of wind speed can be investigated, which, however, can hardly be achieved with the exiting methods. For illustration, two specific cases are demonstrated here.
A. CASE 1 (CHANGE OF NETWORK TOPOLOGY)
To investigate how the change of network topology impacts the SSO characteristics, three different scenarios are considered. Scenario 1 (S1) corresponds the original topology in Figure 1 . In S2, one of D-F lines is tripped. In S3, two new lines connecting B to D and C to D are put in service. Figure 8 shows the equivalent resistances and reactances of the aggregated IM. In all scenarios, the reactances cross the zero point from negative to positive, indicating positive slopes. In S1, the resistance at f 1 is negative, indicating an unstable SSO mode according to the developed stability criterion. If one of D-F lines is tripped (S2), the zero-crossing frequency f 2 decreases to 26.62 Hz, and the resistance at f 2 becomes a more negative value, indicating worse damping. In S3, the system strength is increased due to the addition of new lines. The frequency f 3 increases to 35.15 Hz, and the resistance at f 3 is positive, meaning the unstable SSO is stabilized. Figure 9 shows the impacts of different percentage of online WTGs on the characteristics of SSO. When the ratios of online WTGs are 50% or 60%, the resistances at zero-crossing points are positive. Thus, SSO is stable. If 70% WTGs are online, the resistance becomes negative, indicating that unstable SSO would occur. It is noted that the increase in online WTG ratio would lead to worse SSO damping and lower frequency.
B. CASE 2 (DIFFERENT RATIOS OF ONLINE WTGS)

VI. CONCLUSIONS
In this paper, a systematic method of impedance network modeling and quantitative stability analysis is proposed to analyze the emerging sub-/super-synchronous oscillation (SSO) issues of large-scale wind power systems. The effectiveness of the method has been demonstrated using a practical system that suffered severe SSO. The main conclusions are drawn as follows:
i) The impedance network modeling offers a systematic method to represent a large-scale wind power system as a frequency-domain impedance network, where the dynamics of all components including WTGs, STGs, HVDCs and meshed grids can be incorporated. Thus the contributions of all system components to SSO modes can be examined.
ii) A stability criterion as well as a complete procedure is developed to quantify the characteristics of SSO in terms of stability, damping, frequency and parametric sensitivity.
iii) The accuracy of the proposed method has been well validated by the detailed EMT simulations. As compared with other methods, its distinct advantages include: quantitativeness, low computation burden and the capability of handling grey/black-box components and very large-scale renewable power systems.
